Motivation: Bkm (Banded krait minor) satellite DNA sequences (GATA repeats) have been shown to be associated with the sex determining chromosomes of various eukaryotes and have been implicated in the evolution and differentiation of sex chromosomes in snakes. The objective of the study is to analyze the GATA repeats of human genome specifically, the Y-chromosome, and other model organisms to understand the possible function and potential role in higher order chromatin organization.
INTRODUCTION
After the sequencing of the human genome, one of the challenges is to find functions of the non-coding part, which constitutes the major portion (about 98%) of the genome (International Human Genome Sequencing * To whom correspondence should be addressed. Consortium, 2001) . A large proportion of the non-coding genome, which is repetitive in nature, is often referred to as 'junk' DNA as their function is not obvious. However, now it has been generally accepted that at least some repeats are essential components of genomic organization and function. Among different types of repeats, transposable elements are the most abundant and make up to ∼45% of the total human genome (International Human Genome Sequencing Consortium, 2001 ). The other major type of repeats are 1-6 bp simple sequence repeats (SSRs) which occupy ∼3% of the human genome (International Human Genome Sequencing Consortium, 2001) . Recent studies showed that allelic variations of HUMTH01 (TCAT repeats) correlate with quantitative and qualitative changes in the binding of ZNF191 protein, which contributes significantly to the control of expression of quantitative genetic traits (Albanese et al., 2001) . One possible role of such non-coding DNA may be to regulate expression of neighbouring genes by influencing the chromatin organization.
Bkm satellite DNA is one such simple sequence repeat, which is highly conserved in eukaryotes (Singh and Jones, 1982) . The major component of Bkm is a tetranucleotide repeat of GATA (Singh and Jones, 1982) . By using Bkm probe in Southern and in situ hybridization, the W chromosome of different species of snake can be identified except the primitive snakes having undifferentiated sex chromosomes (Singh et al., 1980) . In mouse the Bkm sequences are predominantly concentrated in the short arm of the Y-chromosome (Singh and Jones, 1982) . This suggests that GATA repeats may have functional significance in the biology of sex chromosomes. In order to understand the function of such repeats we have undertaken an extensive analysis of the abundance and distribution patterns of GATA repeats. Here we report our analysis of the distribution patterns of GATA repeats in the human genome with special focus on the Y-chromosome.
METHODS
The genome sequences were downloaded from ftp sites of NCBI, Sanger Centre, and Stanford University (online Supplementary Data 1: http://www.ccmb.res.in/bkm/ gata.htm). The locations of GATA repeats on the Ychromosomes were identified using tandem repeat finder program (Benson, 1991) . We used the cutoff score as 50 and the alignment criteria as '2,7,7'. We have analysed the distribution of perfect GATA repeats of the length 12 base pairs (at least three GATA repeats) to estimate the GATA repeat density in all the human chromosomes. For this, a Java based program was written to identify the perfect tandem repeats of GATA in the whole human genome. Analysis of the matrix associated region (MAR) potential of the GATA flanking sequences was done using MAR finder (Singh et al., 1997) . For this analysis, the sequence window length of 200 was set and scan length was set as 10. The cutoff score for the matrix association potential was set to 0.65. We also used Excep, a program, which identifies the repeat clusters in a given sequence and allows us to find the probability of occurrence of a repeat (Klaerr-Blanchard et al., 2000) . The parameters set to find the ratio of expected to observed 'GATA' occurrence on a given sequence were: word length of four, window size of 50 000, and probability 0.01. The programs available at NCBI web page were used for other kinds of sequence analysis such as BLAST, ORF finder and mapping of the sequences to the cytogenetic locations.
RESULTS

Analysis of GATA repeats in model organisms
Analysis of the available sequences of complete and unfinished genomes of prokaryotes (archea and eubacteria) from the GenBank database revealed that tandem repeats of GATA sequences are not present in any of these genomes. We also extended the study to other model organisms such as Saccharomyces cerevisiae, Caenorhabditis elegans, Arabidopsis thaliana and Drosophila melanogaster. In case of S.cerevisiae, the analysis revealed that the entire genome contained only two regions with a maximum of (GATA) 7 tandem repeats in chromosome VII. Similarly, C.elegans has only one (GATA) 5 and three (GATA) 4 repeat regions (Supplementary Data 2a). The Drosophila genome contains about ∼86 GATA repeat regions, but only 11 of them contained GATA stretches of more than 10 tandem repeats (locations of GATA sequences and the genes flanking them are given in Supplementary Data 2b.
GATA repeat analysis in human genome
We analyzed the human genome for the occurrence of perfect tandem repeats of GATA. While Y-chromosome ). This selective accumulation of 11 to 12 GATA repeats is not seen even in the close tetranucleotide variants, suggesting that this trend is unique to GATA repeats.
was found to have the highest GATA repeat density (222 bp/Mb), chromosomes 21 and X also showed above the average density found in other autosomes (Supplementary Fig. 1 ). Next, we looked for the repeat occurrence of different lengths of GATA repeats. As expected, starting from (GATA) 4 , longer repeats showed a decreasing repeat occurrence. Surprisingly, however, this decrease in the repeat occurrence was not linear. We observed that repeat occurrence began to increase for longer repeats with repeat length from (GATA) 9 , peaking at (GATA) 12 and then rapidly decreasing (Fig. 1) . Analysis of autosomes also revealed a similar pattern. To test whether this pattern was specific for GATA repeats, we analysed the human genome for other tetranucleotide repeats such as GACA and GAAT in the whole genome and AAGT, AATG, GGGA and AAGG in the Y-chromosome. Supplementary  Figure 2a and b show that this specific enrichment of (GATA) [10] [11] [12] is not found in these closely related repeats. Same trend was clearly observed in the case of mouse genome ( Supplementary Fig. 2c ). This suggests that (GATA) [10] [11] [12] repeats are unique and may have functional significance. With this rationale, we carried out a more detailed analysis of (GATA) 10-12 repeats in human Y-chromosome.
Occurrence of 'GATA' units on sex chromosomes is not random
We analysed the complete DNA sequences of human Xand Y-chromosomes using the Excep program to find the expected/observed ratio of 'GATA' units. In case of the X-chromosome, out of 2547 windows analyzed, only 36 had higher observed/expected ratio. Similarly, in Ychromosome, out of 460 windows, three showed higher observed value (data not shown). Of the 457 windows, the ones coming from a ∼4 Mb region next to the Yq heterochromatin were found to be almost devoid of GATA repeats (Fig. 2) . Similarly, a ∼1.5 Mb region next to centromere in Yp, was GATA deficient. These observations indicate that the overall high density of GATA repeats on the sex chromosomes compared to the rest of the genome is in a non-random fashion.
GATA repeat analysis in human Y-chromosome
We could identify ∼89 imperfect regions of GATA repeats on the human Y-chromosome. Distribution of these repeats is not uniform along the length of the chromosome. The Y-specific regions (see below) were generally poor in GATA repeats while Yp arm and the Yq centromeric regions having homology with Xp arm were rich in these repeats (Fig. 2) . After identifying the locations of tandem GATA repeats on the Y-chromosome, we took about 2.0 kb flanking sequences of each repeat region and BLASTed it against the human genome database from NCBI. There are ∼66 (60%), GATA repeat regions along with its flanking sequences on Y-chromosome, which show about 84-99% sequence similarity to that of the X-chromosome (Fig. 2) . Sequences showing similarity to GATA repeat regions of both p and q arm of the Y-chromosome mapped to Xp 22.3. There were instances where the flanking sequences of GATA repeats were Y-specific and located in multiple copies (Fig. 2) . Based on this analysis we could classify the Y-chromosome sequences into two types, viz. X-Y homologous sequences and Y-specific sequences. Finally, we did not find any significant ORFs within the GATA flanking sequences.
Association of sequences flanking the GATA repeats with MARs
The distribution pattern of GATA repeats on the Ychromosome (Fig. 2) suggested that they might be marking the chromatin domain boundaries. To test this, we carried out Matrix Associated Region (MAR) analysis of the GATA flanking sequences. The results revealed that the sequences flanking GATA repeats had on both sides a very high matrix association potential ( Supplementary  Fig. 3) , and the position of association with respect to GATA repeat location varied among the sequences analyzed. Moreover, the high level of conservation of GATA repeat flanking sequences between X-and the Y-chromosomes implies the functional significance of these sequences as they have been retained for millions of years since the evolution of Y. It was also observed that the GATA repeat regions present near the Yq centromeric region and in the proximal Yp region shared more homologies with that of the Xp22.33 and a small region at Xq21.3, respectively (Supplementary Data 3 and Fig. 2 ). Though the X-Y homologous genes are reported to be present in these regions of Xp and Yq, we report here that the intergenic sequences are also highly conserved. Interestingly, most of the duplicated segments were Y-specific having no counterpart on the X; and GATA tandem repeats were under represented in these regions ( Fig. 2 and Supplementary Fig. 4) . Such a high MAR association was not observed in case of other A/T rich tetramer repeats (Supplementary Data 4) .
DISCUSSION
Current models on higher order chromatin organization and its functional consequences generally have at least one common aspect which can be summarized as follows: the 30 nm chromatin fiber is secured on some kind of matrix or scaffold to package the genome in the form of loops of an average size of 60 kb (Paulson and Laemmli, 1977; Earnshaw and Laemmli, 1983) . Interaction of promoter with appropriate regulatory elements (enhancers, silencers) is restricted within a domain that is defined by the presence of boundary or insulator elements (Gerasimova and Corces, 2001; Labrador and Corces, 2002) . The DNA sequence associated with matrix, MAR, may also coincide with boundary like elements that define the domains of gene activity in the genome (Namciu et al., 1998) . The distribution pattern of GATA and their association with MAR seems to point that these combinations define functional /structural domains of the genes positioned between such combinations. MARs have been implicated to be associated with regulatory elements (Gasser and Laemmli, 1986) . We propose that GATA repeats, along with associated MARs, define domains on Y-chromosome that are regulated in a concerted fashion. This model will have several predictions: (a) there should be a set of proteins that will drive the expression of genes associated with these domains; (b) genes located in the GATA-rich or GATAdevoid regions will be expressed differently; and finally, (c) GATA repeats should have a regulatory function of its own.
Indeed, in our earlier studies, we have reported the presence of sex and tissue-specific Bkm-binding protein (BBP) in the ovary of snake and testis of mouse (Singh et al., 1994a) . This protein is different from the GATA family of transcription factors as it binds to repeats of GATA sequences. Occurrence of similar BBP in mouse testis and the coincidence of its expression with the testis-specific decondensation of the Y-chromosome indicated that the BBP is involved in some modulatory aspects of sex determining chromosomes (Singh et al., 1994a) . The absence of GATA repeats in the organisms, which do not have chromosomal sex determination, and the presence of very few GATA repeats in S.cerevisiae and C.elegans further strengthens the view that the GATA sequences are important for the function of sex chromosomes. Studies have shown that the mouse Y-chromosome remains condensed and therefore inactive in somatic cells but decondenses specifically in germ cells (primary spermatocytes; Singh et al., 1994b) . Taken together, the association of GATA sequences with the MARs (present study) and the presence of BBP, which binds to the GATA sequences of Bkm, suggest a functional significance of this association of GATA repeats with MARs. Furthermore, GATA rich regions of the Y contains genes that are expressed during early developments while most of the genes in the GATA devoid region are expressed late during spermatogenesis, suggesting a functional role for coordinated gene regulation mediated by GATA repeats.
The similarity between the GATA flanking sequences of X-and Y-chromosomes and their association with MARs implies that these sequences are specific to sex chromosomes and have evolved for specific function. Most of the GATA repeats are found to be intergenic (Supplementary Data 5), suggesting that they may, in association with MAR, function to regulate the entire domain defined by these sequences. This model will suggest two states of these domains in terms of chromatin organization based upon the protein composition at the GATA repeats. Inactive or the default state will be defined by the absence of any specific high affinity GATA repeat binding protein. The other state will be dominated by the interaction of high affinity/cooperatively binding protein (like BBP) with the GATA repeats. Considering structural parameters such as base stacking, propeller twist and protein deformability for repeat sequences (Baldi and Baisnee, 2000) , we find that among the tetramer repeats with the high occurrence, GATA has the maximum bendability and is generally more flexible. Such flexibility might provide a favorable architecture where a series of DNA-protein and protein-protein interactions are possible. These interactions, in turn, will facilitate formation of 'GATA repeat-protein complex' in a cooperative fashion. GATA repeats may be functioning at more local level to repress only the associated genes and not the entire domain. (GATA) 7 motif has been shown to exhibit silencer activity in erythroid cells (Ramchandran et al., 2000) . These regulations are most likely to be mediated by transcription factors and not by proteins like BBP. Interestingly, however, clusters of GATA related sequences have been shown to be essential component of chromatin domain boundary elements (Zhao et al., 1995; Cuvier et al., 1998) and GATA motif occurs twice and interacts with sequence specific binding protein in Fab-7, a boundary isolated from bithorax complex of Drosophila (Mishra, personal communication). Any direct link with these GATA related sequences and GATA repeats discussed in this paper remains to be established. We would like to emphasize that there may be similar mechanisms operating to regulate the expression of genes on the sex chromosomes which may not be using GATA repeats. Simple sequence repeats, like GATA, may be a component of the mechanism regulating expression of genes located in the specific chromatin domains by modulating the higher order chromatin organization in response to specific signals.
